Nomenclature

I. Introduction
O date, the United States has successfully landed six robotic missions on Mars. Including missions launched by the end of the decade, the largest entry mass sent to Mars will be Mars Science Laboratory (MSL) at ~ 3250 kg. 1 The entry, descent, and landing (EDL) systems for these missions rely heavily on extensions of Viking-heritage technology, namely supersonic Disk-Gap-Band (DGB) parachutes and 70º sphere-cone blunt body aeroshells. Supersonic deceleration has been identified as a critical deficiency in extending these heritage technologies to high mass, high ballistic coefficient systems. 1, 3 A key parameter used to describe an entry vehicle is the ballistic coefficient, or the ratio of entry mass to hypersonic vehicle drag area, defined in Eq. (1) . The six successful Mars landers have all had ballistic coefficients under 100 kg/m 2 . 1 One or two orders of magnitude increases in landed mass and aeroshell packaging constraints result in significantly higher ballistic coefficients for the entry vehicles required for human Mars exploration (~ 300 kg/m 2 and higher). 1 For these high ballistic coefficient vehicles, the thin Martian atmosphere and the challenge of extending supersonic DGB parachutes to the required dimensions and deployment conditions combine to severely reduce the timeline available for deceleration and the transition from a hypersonic entry vehicle to a terminal landing configuration. For such systems, it is possible that the surface will be reached while traveling at a supersonic speed. 1 Systems-level studies to assess the required performance of high-mass entry systems recommend the development of alternative supersonic decelerators, a challenge potentially addressed by supersonic retropropulsion (SRP).
(1)
Supersonic retropropulsion is the initiation of a propulsive deceleration phase while the vehicle is traveling supersonically. Results from wind tunnel experiments in the 1960s and early 1970s show significant preservation of aerodynamic drag during a supersonic retropropulsion phase for peripheral retropropulsion configurations at low to moderate thrust levels. 2 The degree of aerodynamic drag preservation is strongly dependent upon the location of the nozzles on the vehicle forebody and the relative strength of the exhaust flow to the freestream. [5] [6] [7] [8] [9] [10] For example, little or no preservation of aerodynamic drag has been experimentally demonstrated for configurations which thrust along the body centerline. The primary parameter used to characterize the static aerodynamics and flowfield stability of the aerodynamic-propulsive interaction is the thrust coefficient (defined in Eq. (2)), with the greatest degree of aerodynamic drag preservation occurring for peripheral retropropulsion configurations with low thrust coefficients. Note that C T is a force coefficient and is not a direct function of the nozzle geometry. (2) Past experimental work has demonstrated supersonic retropropulsion on a small scale, establishing trends in static aerodynamics as a function of retropropulsion configuration, freestream conditions, and thrust. 2 However, most prior high-mass Mars EDL systems studies 1, 3 have neglected aerodynamic-propulsive interactions and the associated performance impacts during the supersonic phase of descent. This investigation addresses the applicability, limitations, and performance implications of supersonic retropropulsion technology in the context of future human and robotic Mars exploration missions. The goal of this study is to characterize the performance of supersonic retropropulsion with increasing vehicle ballistic coefficient across a range of relevant initiation conditions. Results are presented with the potential aerodynamic drag preservation included and excluded during this phase of flight for comparison against prior studies. The results of this investigation demonstrate the significance of aerodynamic drag preservation as a function of retropropulsion initiation conditions, characterize mass optimal trajectories utilizing supersonic retropropulsion, and compare propulsion system requirements with existing systems and systems under development for future exploration missions. A sample robotic scale case is presented for comparison with the human scale cases considered in this study.
II. Approach
In this study, the hypersonic and supersonic phases of a Mars entry trajectory are modeled and simulated. Supersonic retropropulsion is utilized to decelerate the vehicle to the desired terminal state. The analysis is performed as a single-objective optimization problem. Vehicle ballistic coefficients of 200, 400, and 600 kg/m 2 are T 3 considered for the human-scale cases, and an MSL-derived case is considered for comparison with future roboticscale missions. All cases are constrained by the same initial and final altitude and velocity conditions (those at the atmospheric interface and retropropulsion termination).
A. Methods
In this investigation, the three-dimensional translational equations of motion are integrated from a specified set of initiation conditions (altitude, mass, Mach number, and flight path angle) to Mach 0.9, the subsonic terminal condition used in this study. The Program to Optimize Simulated Trajectories (POST) was used for hypersonic lifting entry phases, and a MATLAB-based simulation was used for SRP phases. A spherical, rotating planet was assumed, as the vehicle is likely to travel significant downrange distances during supersonic descent. Gravity, thrust, and aerodynamic drag forces are modeled over the trajectory, with thrust modeled as constant (no throttling). Mars and its atmosphere were assumed to rotate with constant angular velocity. A hypersonic lifting entry is modeled that transitions to a ballistic supersonic retropropulsion descent. Aerodynamic force coefficients are interpolated between tabulated points as a function of Mach number (hypersonically) and Mach number and thrust coefficient (supersonically). A tabulated atmosphere (-2.5 km to 128 km) based on a nominal Mars Pathfinder entry mission scenario is used for all density, pressure, and temperature values as functions of altitude.
B. Vehicle Configuration and Propulsion Model
The vehicle is assumed to be a 70º sphere-cone with three axially-aligned, bipropellant engines at the periphery of the forebody. Past work by Christian et al. 3 showed that for a blunt entry body, a propulsive configuration with the engines towards the forebody periphery provides more useful volume for payload and propellant tanks than a cluster of engines at the center. An example of a peripheral retropropulsion configuration is given in Fig. 1 . In the supersonic descent phase, mass is updated as a part of the vehicle state at each time step by the relation given in Eq. (3). The propulsion system was assumed to be LOX/CH 4 with an I sp of 350 seconds. The supersonic descent propellant mass fraction (PMF) is determined by dividing the required propellant mass by the initial vehicle mass. The maximum thrust magnitude is determined from a specified vehicle T/W, using the initial vehicle mass and a maximum vehicle T/W (Mars) of 3.0.
The engines are scaled with thrust using Eq. (4), a relation developed by Christian et al. 3 through a regression analysis of data for conceptual LOX/CH 4 engines. The engine sizing is used to compare performance requirements of the propulsion systems in this study to existing liquid bipropellant systems. 
C. Aerodynamic-Propulsive Interactions Model
The aerodynamic-propulsive interactions model used during the supersonic retropropulsion phase is based on experimental work by Jarvinen and Adams 5, 6 for a peripheral retropropulsion configuration, similar to the one shown in Fig. 1 
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For a given vehicle T/W and trajectory conditions, the aerodynamic-propulsive interactions model is referenced to determine the total axial force. While the current form of the model does not include variations with Mach number, McGhee 7 , with Jarvinen and Adams 5, 6 and Keyes and Hefner 10 , observed only minor variations in axial force coefficient with C T across initiation Mach numbers of 2.0 to 6.0. The trajectory conditions must require a deceleration force greater than the aerodynamic drag provided by the blunt body for the model to be active. For thrust coefficients above 3.0, the deceleration force coefficient is equivalent to the thrust coefficient and no aerodynamic adjustment to the thrust coefficient is applied. Figure 3 illustrates the fraction of "no thrust" C D preserved as a function of C T for both a peripheral and a central retropropulsion configuration. 
D. Vehicle Mass Model
The following table gives approximate vehicle entry masses corresponding to the hypersonic ballistic coefficients used in this study for 10, 12, and 15 m diameter aeroshells. This entry mass range is consistent with those assumed in NASA Design Reference Architecture 5.0 11 and other studies of future human Mars exploration systems. 
III. Systems Study Results
This section presents the results of a systems-level performance assessment of supersonic retropropulsion. To initiate this assessment, the supersonic retropropulsion flight segment was modeled. This provided an understanding of the trends and relationships between vehicle ballistic coefficient, initiation conditions (altitude and Mach number), thrust profiles, and supersonic descent propellant mass fraction. With the supersonic performance bounded, the complete entry trajectory performance assessment is completed.
If aerodynamic drag is not a significant factor, the propulsion system will always turn on as late as possible (i.e., at the lowest altitude and lowest velocities permitted by the vehicle T/W and other mission constraints) to minimize propellant mass required. This is the case for a gravity turn, where if T/W is not constrained, the solution for minimum propellant mass is an infinite thrust magnitude for zero time. In the absence of a aerodynamic-propulsive interaction, constraining T/W alters the mass optimal solution to be the maximum allowable thrust magnitude for the minimum amount of time possible to achieve the terminal condition. Because the SRP aerodynamic-propulsive interaction provides the greatest degree of drag preservation at low thrust coefficients (see Fig. 2 ), the optimal propulsive phase may initiate earlier and decelerate at a reduced thrust level in cases where the drag deceleration is significant. This trade between velocity change required, velocity losses, and available timeline was studied using supersonic trajectories. Descent propellant mass fraction was minimized across a range of vehicle ballistic coefficients (200 kg/m 2 -600 kg/m 2 ) and initiation flight path angles (-15º --75º).
A. Initiation Velocity
Provided there is sufficient thrust available and the drag force is not significant, the retropropulsion phase will begin as late as possible, where the thrusting time is the least. Of the vehicle energy that must be dissipated through retropropulsion and aerodynamic drag, the kinetic energy contribution dominates the potential energy contribution. For example, a 10 t vehicle at 670 m/s (~ Mach 3.0) has a kinetic energy of 2.25 GJ. To have an equivalent potential energy, this vehicle would have be at 60.4 km altitude at the same velocity. This altitude is unrealistically high for ~ Mach 3.0 conditions. As such, the optimal solutions are to initiate at the lowest allowable initiation velocity. The altitude at retropropulsion initiation is then dictated by the vehicle T/W such that the terminal conditions (Mach number and altitude) are satisfied. This trend is reflected in Table 2 
B. Initiation Flight Path Angle
For the same required velocity change, the required initiation altitude increases as the initiation flight path angle steepens. Table 3 summarizes the required initiation altitude and PMF with increasing flight path angle steepness for a 60 t vehicle and an initiation of 670 m/s (~ Mach 3.0). Achieving the retropropulsion initiation conditions shown in this table is a function of the ability to fly a lifting hypersonic portion of the trajectory. Table 3 demonstrates that PMF improves as the flight path angle shallows (and the resulting initiation altitude decreases as gravity losses are minimized. 
C. Initiation Velocity vs. Drag Preservation
Using Eq. (1) and Eq. (2), the dependency of dynamic pressure on vehicle parameters and thrust coefficient can be determined. This relationship is given in Eq. (5), where C D is the vehicle hypersonic drag coefficient, and g 0 is the gravitational acceleration at the surface of Mars.
(5)
From the relationship given in Eq. (5), the range of initiation conditions for the supersonic retropropulsion phase can be determined in altitude-velocity space. Understanding this range of conditions is important to bound propulsion system required performance and to plan future aerodynamic and aerothermodynamic analysis and test activities. These conditions are constrained by the altitude at which the vehicle reaches Mach 0.9 (with subsequent timeline constraints), Mach number, and dynamic pressure. The dynamic pressure bounds are determined from conditions of nearly full aerodynamic drag preservation (C T = 1.0) and no aerodynamic drag preservation (C T = 3.0). Table 4 gives the dynamic pressure bounds for β = 200, 400, and 600 kg/m 2 . Figure 5 illustrates these bounds in altitude -velocity space. The four corner points of each shaded region can be used to confirm that lower initiation velocities are preferable, and that for the same initiation velocity, a lower thrust coefficient yields a lower PMF. Note that for the vehicle mass and aerodynamic models used in this investigation, not every corner point condition can be reached ballistically; most require a lifting trajectory. Figure 4 demonstrated that shallower initiation flight path angles reduce propellant mass. For this reason, the hypersonic lifting trajectories were optimized to determine the bank angle profile and atmospheric entry flight path angle yielding a near-zero flight path angle at the target altitude and velocity conditions (corner points defined in Fig. 5 ). In the SRP phase, the throttling profile and maximum vehicle T/W are determined to minimize the propellant mass fraction required to reach the target terminal conditions of Mach 0.9 at 3 km altitude. The resulting trajectories for ballistic coefficients of 200, 400, and 600 kg/m 2 are shown in Figs. 6 -8, with a summary of the initiation conditions and required PMF given in Table 5 below. Between Corners B and C, which have the same initiation velocity, Corner B has a consistently higher PMF required to reach the target. Corner B corresponds to the C T = 3.0 boundary, and Corner C corresponds to the C T = 1.0 boundary. As expected, for the same required velocity change, lower thrust coefficients enable more aerodynamic drag preservation and yield a lower PMF. While there is also a potential energy effect, since Corner B is always significantly higher in altitude than Corner C, this effect is small in comparison to the difference between C D preservation for C T = 1.0 (Corner C) and C T = 3.0 (Corner B).
Considering pairings of Corners A and B and Corners C and D, which each have the same C T constraining their initiation conditions, the corners with the lower initiation velocities have a lower PMF. As discussed in Section III.A, this result is expected as the entry vehicle's kinetic energy scales with the square of the velocity. Removing more energy through retropropulsion requires more propellant. The large difference between Corner A and the other three corners for the β = 200 kg/m 2 case, as compared to the higher ballistic coefficient cases, is primarily due to the thrust requirements under the constraints of constant thrust and fixed initiation conditions exceeding a C T of 3.0 (see Section III.E).
Balancing the above two corner comparisons, the impact of initiation velocity is more significant than thrust coefficient at initiation, evidenced by the greater difference in PMF with variation in initiation velocity than with variation in C T at initiation. In all ballistic coefficient cases examined, Corner A has the lowest PMF, indicating that the optimal initiation conditions are likely to be weighted heavily towards this minimum velocity point (which will occur on the minimum altitude boundary defined by the timeline considerations of the subsequent EDL events). If an upper bound on thrust available is assumed to be 1 MN, at least one corner for each ballistic coefficient in Table  5 can be reached without exceeding this thrust magnitude.
D. Application to Future Robotic Mission
A sample future robotic EDL configuration was derived based on MSL, with an entry mass of 5 t, a 4. Two cases were run for comparison: one where no C D preservation was allowed during SRP and one where a fraction of the "no thrust" C D was preserved as a function of the thrust magnitude and current dynamic pressure (based on Eq. (5)). An entry flight path angle of -13.65° was assumed and a variable bank angle profile utilized in the hypersonic phase of flight. The conditions at SRP initiation and thrust profile were allowed to vary to minimize the propellant mass required to decelerate to a terminal condition of 2.5 m/s at 50 m above the ground. From these two optimizations, a summary of the differences in required SRP initiation conditions and propellant required is given in Table 6 below.
A third case was run with a vehicle T/W (Mars) of 5.0 for comparison; the results are given in Table 6 . Increasing the available thrust (by increasing T/W) allows the vehicle to initiate SRP later in the trajectory, using the vehicle's aerodynamic drag to reduce the total required ΔV. The increase in T/W from 1.94 to 5.0 reduces the required ΔV by 230 m/s as compared to the original case with condition-dependent C D preservation and by 251 m/s as compared to the original case with no C D preservation. Considering the two cases with an initial T/W = 1.94, the 70-kg difference in required propellant mass (a PMF difference of 4.5%) and the difference in initiation conditions show the impact of C D preservation during the descent phase. For these cases, the maximum thrust available from the 12 MLEs is low enough for C T to be below 3.0 until the vehicle has decelerated to approximately Mach 2.0. For the T/W = 1.94 case with no C D preservation, this translates into SRP initiation earlier in the trajectory (higher altitude and Mach number) than for the case with C D preservation. This is illustrated in Fig. 9 below. Though the thrust profile was not constrained to be constant, the final profiles were of constant thrust in both cases. 
E. Comparison against Prior Human-Scale EDL System Studies
A comparison with a prior human scale Mars EDL study by Christian et al. 3 was completed to illustrate the potential impact of C D preservation during the SRP phase. The prior study assumed the SRP phase to be modeled by a gravity turn control law with the aerodynamic drag fully preserved and zero lift. The vehicle followed a constant thrust trajectory to a zero-velocity terminal condition 50 m above the surface. The gravity turn control law requires the thrust vector to be maintained in the direction opposite the vehicle's relative velocity vector and the thrust magnitude to be constant. The SRP initiation time was varied to minimize the sum of the propellant and propulsion system masses.
For consistency with the prior study, the vehicle configuration is assumed to be a 15 m diameter Apollo aeroshell with a LOX/CH 4 propulsion system. All trajectories start from orbit (4 km/s) with an inertial entry flight path angle of -14.5°. The trajectories are constrained to a 5g-Earth limit. The design points from Christian et al. 3 and this study are for pure lift-up and lift-down trajectories. For consistency, the design points from this study assume a constant thrust magnitude, constrained to be no larger than 1 MN. The thrust magnitude and initiation conditions are varied to minimize the total propulsion system mass; however, a condition-dependent model for C D preservation is active during the SRP phase. The aerodynamic-propulsive interactions model for these cases applies the fraction of C D preserved to the "no thrust" C D of an Apollo aeroshell instead of a 70º sphere-cone. For comparison against these two SRP modeling approaches, the same cases were simulated assuming no C D preservation during the gravity turn. Figure 10 shows the difference between the three C D preservation assumptions as vehicle ballistic coefficient increases for the L/D = 0.3 cases. The complete results are summarized in Table 7 . The data in Table 7 include results from both 10 m and 15 m aeroshell diameters. Table rows with no data are cases that were not able to satisfy the desired terminal conditions without violating the maximum allowable thrust or 5g deceleration constraints. Figure 10 illustrates that the condition-dependent drag preservation model is better aligned with the assumption of full drag preservation at low vehicle ballistic coefficients and aligned with the assumption of no drag preservation for ballistic coefficients above approximately 300 kg/m 2 . Since most human-scale Mars exploration missions that utilize blunt bodies are characterized by large ballistic coefficient vehicles, 3, 11 these system studies would be more accurately performed by assuming no aerodynamic drag preservation (or the aerodynamic-propulsive interactions model defined in this investigation) than full drag preservation. In addition, Fig. 10 demonstrates that human-scale Mars exploration missions that utilize slender body aeroshells (generally characterized by lower ballistic coefficients) may be better suited for application of supersonic retropropulsion technology. However, to make definitive statements in this regard, a SRP aerodynamic interactions model for a slender body entry configuration must be developed. 
IV. Concluding Remarks
As vehicle mass increases for missions involving atmospheric entry, supersonic deceleration is challenging the qualifications and capabilities of Viking-heritage EDL technology. At Mars, high entry masses and insufficient atmospheric density often result in unacceptable parachute deployment and operating conditions, requiring the exploration of alternative approaches to supersonic deceleration. Supersonic retropropulsion may be an enabling technology for systems that aim to decelerate large masses in a thin atmosphere, such as at Mars. The relevance of this technology increases with entry mass to the point that it may be required for human Mars exploration.
Across a wide range of ballistic coefficients, efficient supersonic retropropulsion trajectories are characterized by shallow flight path angles at SRP initiation to minimize gravity losses and an initiation velocity that minimizes the required propulsive ΔV. These conditions generally imply SRP initiation at the minimum altitude boundary defined by the timeline considerations of the subsequent EDL events. For the same ΔV, lower thrust coefficients are preferable as they preserve more aerodynamic drag. Overall, however, a lower initiation velocity is preferable over a lower C T .
For blunt body entry systems and a constant thrust profile, assuming no C D preservation during SRP is conservative for hypersonic β < 300 kg/m 2 . For blunt body entry systems with a hypersonic β > 300 kg/m 2 , the thrust coefficient required implies that aerodynamic drag can not be preserved. As such, human-scale Mars exploration blunt body entry systems studies are most accurately performed by assuming no aerodynamic drag preservation (or the aerodynamic-propulsive interactions model defined in this investigation) rather than full drag preservation. In addition, while analysis of a 5 t robotic-scale mission demonstrated a 4.5% PMF advantage to supersonic retropropulsion drag preservation, the T/W limitations of the propulsion system assumed in this study constrained SRP initiation to a high altitude, high velocity condition that was shown to be relatively inefficient when in comparison to a higher T/W system design.
Past experimental work has demonstrated supersonic retropropulsion on a small scale, establishing trends in static aerodynamics as a function of retropropulsion configuration, freestream conditions, and thrust. The results from this investigation are strongly dependent on the assumed peripheral retropropulsion configuration and limited experimental data. Based on work to date, it is expected that these trends will extend to higher ballistic coefficients as additional SRP configurations are studied and the complexity of the models is increased.
